INTRODUCTION
The high genetic influence on body stature has been known for a long time and twin and full sibling studies estimated a heritability of 0.80 and higher (1, 2) . In the last decades, candidate gene approaches and linkage studies could disclose only little of the complex genetic background of height (3 -7) . However, several new genetic variants affecting human stature (e.g. in HMGA2, GDF5-UQCC) were detected in a first sweep of genome-wide association studies (GWAS) providing further † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
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To whom correspondence should be addressed at: Department of Medicine, University of Leipzig, Liebigstr. 18, 04109 Leipzig, Germany. Tel: þ49 3419713380; Fax: þ49 3419713389; Email: michael.stumvoll@medizin.uni-leipzig.de insight into the genetic architecture of this polygenic trait (8 -12) . These GWAS revealed a total of 44 new loci associated with height in adults (13) . Several variants clustered around biological candidate genes for height. Single nucleotide polymorphisms (SNPs) in four genes (HHIP, HMGA2, ZBTB38, GDF5) were significantly associated with height in three GWAS and seven variants (EFEMP1, CDK6, GPR126, TRIP11/ATXN3, LCORL, SH3GL3/ADAMTSL3, SOC2) in at least two out of three studies (8 -10) . With 0.4 cm per allele, the average effect-sizes were rather small (14) . More recently, a second sweep of GWAS reported further associations (15 -17) which lead to a total of 48 validated height loci (16, 18) . Interestingly, a GWAS in Korean cohorts confirmed several of the known height loci that were initially found in Caucasian samples (19) . Despite considerably greater power of GWAS to detect alleles affecting height, only 5% of the variability of height can be explained by the variants discovered so far (18) . Hence, the genetics of height remains poorly understood.
The majority of reported GWAS was carried out in outbred populations. To reduce genetic heterogeneity of the study cohorts as well as the phenotypic complexity of traits such as height, self-contained populations may be extremely helpful. Populations with a different mutational and/or demographic history may permit the detection of new allelic or haplotypic associations (20, 21) .
Here, we report the results of a GWAS for adult height primarily in the Sorbs as the discovery set. The Sorbs are a self-contained population of Slavonic origin resident in Germany.
RESULTS

Genome wide scan for height in the Sorbian sample
We examined the distribution of test statistics and the deviation from the expected distribution under the null hypothesis of no association in a quantile -quantile plot (Fig. 1) . In a genome wide scan for association of SNPs with adult height in the Sorbian sample (N ¼ 929), 5 SNPs reached a significance level of P , 10 25 (Table 1) . Two of these signals map in intronic regions of MYBPC1 (rs11110932) and CTNNA2 (rs17018086). Additionally, two variants map 101 kb 5 0 upstream of ATP2B2 (rs17033062) and 45 kb 5 0 upstream of ATXN1 (rs7740575), respectively. The closest gene to rs9545880 is SPRY2, which maps 1498 kb 5 0 upstream of the SNP. Furthermore, we compared the results of our GWAS with published GWA data on height. Eleven of the 48 published SNPs showed consistent effects on height with P-values , 0.05 in the Sorbs (Table 2 ). In regions of published linkage peaks (5,7,22-24), we did not find any evidence of association with height.
Meta-analysis including Sorbian, DGI and 58BC cohorts
We filtered SNPs with a P-value , 0.001 (455 SNPs) and took them forward to a meta-analysis together with Diabetes Genetics Initiative (DGI) and 58BC. Twenty-nine SNPs showed a combined P-value of ,0.001 (Tables 1 and 3 and Supplementary Material, Table S1 ). Our strongest associations were found for two variants in GPR133 (rs1569019 and rs1976930) (P-value at or below 10
26
) and were significantly associated with height in the three cohorts individually. Since both variants were in nearly complete LD (r 2 ¼ 0.996), we selected rs1569019 for further replication in two additional independent German cohorts (Leipzig and Berlin).
Association of rs1569019 with height in German cohorts (Leipzig and Berlin)
Rs1569019 was significantly associated with height in the Leipzig cohort (P ¼ 0.004, beta ¼ 1.166, n ¼ 1044). In contrast, no significant effects were found in the Berlin cohort (P ¼ 0.253, beta ¼ 0.359, n ¼ 1728). Upon sex-stratification, however, there was a significant association with height in men (P ¼ 0.049, beta ¼ 0.573, n ¼ 577), but not in women (P ¼ 0.965, beta ¼ -0.017, n ¼ 1151). The higher proportion of females in the Berlin cohort (1151 females versus 577 males) might therefore explain the lack of association in the entire cohort. The hypothesis of diverse effects in both genders was supported by the Leipzig cohort in which the effect of rs1569019 on height appeared to be stronger in males (P ¼ 0.022, beta ¼ 1.423, n ¼ 524) than in females (P ¼ 0.055, beta ¼ 0.963, n ¼ 520). In the Sorbs, rs1569019 showed evidence of association with height in both male (P ¼ 0.034, beta ¼ 1.524, n ¼ 385) and female subjects (P ¼ 0.005, beta ¼ 1.67, n ¼ 544).
Meta-analysis of rs1569019 in all five cohorts
In all five cohorts (N ¼ 6687), the estimated pooled effect size in the fixed effects model was 0.949 cm (95% CI: 0.608; 1.291), P ¼ 4.7 Â 10 28 (P ¼ 5.87 Â 10 25 in the random effects model) (Fig. 2) . 
DISCUSSION
To focus on variants with strong effects in one homogenous population might help identify loci of interest among SNPs not ranked in the top tier of a classical meta-analysis, but still of potential physiological significance. Therefore, we pre-selected SNPs only based on the Sorbian sample for subsequent meta-analysis. In our GWAS in the selfcontained population of Sorbs, we could replicate several of the previously shown associations with adult height (e.g. GDF5, ZBTB38). This indicates that our cohort has sufficient power to pick up some of the signals found in larger meta-analyses and indirectly supports a possible physiological role of those variants. In the Sorbs, we were not able to show any effect of the HMGA2 locus which is currently the most consistently replicated signal associated with adult height (18) . A recent study with similar sample size also failed to replicate the association, but there were still effects on bone mineral density detectable (25) .
Furthermore, we showed several novel signals associated with adult height in the Sorbian population. Among them, the association was strongest for variants in GPR133 with consistent effects on height in five independent cohorts. The combined effect-size of 0.949 cm for rs1569019 was slightly higher than in the recently reported GWAS (0.2 -0.6 cm) (8) (9) (10) . However, in the individual populations, the SNPs showed effects up to 1.47 cm (8) .
GPR133 encodes a G protein-coupled receptor (GPCR) and represents a plausible physiological candidate potentially regulating height. GPCRs recognize a variety of extracellular messenger molecules such as hormones, neurotransmitters, growth and developmental factors as well as sensory messages such as light, odors and pain (26) . Two functional splice variants of GPR133 were found in fetal tissue, lung, spleen and testis (27) . Interestingly, variants in another GPCR, GPR126, were previously reported to be associated with height (8, 9) . Moreover, associations with variants in GPR126 with trunk length were recently shown (15) . It is also worth-mentioning that GPCRs are involved in osteoclast function and regulation of bone mineral density and cell growth (28 -30) .
In conclusion, despite certain limitations due to the small sample size, our GWAS suggests novel loci influencing height. In view of the robust replication in five different cohorts, we propose GPR133 to be a novel gene associated with adult height. 
ATXN1
SNPs with P , 10 25 in the genome-wide scan for association with adult height in the Sorbian sample (n ¼ 929). P-values in the Sorbian cohort are corrected for age, gender, genomic control inflation factor (l ¼ 1.31) and the first four vectors of multidimensional scaling. A1 is the minor allele. þ/2 indicates the effect direction relative to the minor allele. 
MATERIAL AND METHODS
Subjects and phenotyping
Sorbs. All subjects are part of a sample from an extensively phenotyped isolated population from Eastern Germany, the Sorbs. The Sorbs are of Slavonic origin, and lived in ethnic isolation among the Germanic majority during the past 1100 years. For all log-normally distributed parameters, the data represent back-transformed geometric means and 95% CI and for all normally distributed parameters data are given as arithmetic means + SD.
The study was approved by the ethics committee of the University of Leipzig and all subjects gave written informed consent before taking part in the study.
Berlin Cohort. A total of 1728 Caucasian individuals were included in the Metabolic Syndrome Berlin Potsdam (MesyBepo) study population from the region of Berlin/Potsdam, Germany; 577 male and 1151 females were investigated (mean male age 53.7 + 51.9 years; mean female age 51.9 + 13.3 years; mean male height 176 + 8 cm; mean female height 165 + 7 cm; mean male BMI 29 + 5.5 kg/m 2 ; mean female BMI 29.3 + 6.5 kg/m 2 ]. Data are given as arithmetic means + SD. The study has been approved by the responsible authorities, which were the ethics committees of the University of Potsdam and the Charité-Universitätsmedizin Berlin. All subjects provided written informed consent.
DNA extraction, genotyping and SNP selection in the sorbs
Genomic DNA was extracted using QIAmp DNA Blood Midi Kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer's protocol. Genotyping was performed using the 500K Affymetrix GeneChip and the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Inc.) by the Microarray Core Facility of the Interdisciplinary Centre for Clinical Research, University of Leipzig, Germany and by ATLAS Biolabs GmbH, Berlin, Germany. Genotypes were determined with GeneChip Genotyping Analysis Software (GTYPE) using the BRLMM algorithm for the 500K arrays and the Birdseed Algorithm for Genome-Wide Human SNP Array 6.0 (Affymetrix, Inc.). Data underwent quality control and only SNPs fulfilling the following criteria were included: missing rate per SNP ,5%, Hardy -Weinberg equilibrium (HWE) P . 0.0001, minor allele frequency (MAF) .0.01. The average genotyping rate was 99.0%. In all, 390 619 autosomal markers overlapping between the 500K Affymetrix GeneChip and the Affymetrix Genome-Wide Human SNP Array 6.0 were included in the analyses.
Statistical methods and software
Call rates per sample and cluster-plots were checked using the GeneChip Genotyping Analysis Software (GTYPE). The calculation of minor allele frequencies, HWE and missing rates per SNP was performed with PLINK (31). Pairwise IBD was calculated using -genome command in PLINK. Supplementary Material, Figure S1 provides a histogram for the distribution of pi-hat values in the pairwise comparisons. Mean IDB sharing in the Sorbian sample was 0.008 with a median , 10 26 (25th percentile , 10
26
, 75th percentile 0.012). Nine hundred and seventeen out of 461 023 pairwise comparisons showed a pi_hat ! 0.25. We did not exclude first and second degree relatives but adjusted for genomic control. Our QQ-plot shows that we are able to correct for the inflation adequately since the observed P-values meet the observed line nearly until the top tier ( Supplementary  Material, Fig. S2 ). Genome-wide association with height was assessed by linear regression in PLINK. We corrected for age and gender, for relatedness by using genomic control (l ¼ 1.31) and for possible population substructure by the first four vectors of multiple dimensional scaling. Linkage disequilibrium metrics were calculated in Haploview 4.1 (32) . Power calculations were carried out with Quanto (33, 34) .
Weighted meta-analysis for the three GWAS cohorts was performed using METAL (http://www.sph.umich.edu/csg/ abecasis/metal/). Study specific P-values and effect directions were converted into a Z-statistics and weighted with sample size of each study.
Meta-analysis of rs1569019 in all five cohorts was performed in a fixed and random effect model by using the Mantel -Haenszel method based on the study specific beta estimates with STATA (version 9.0, StataCorp LP, TX, USA) (35) . Other statistical analyses were performed using SPSS version 15.0.1 (SPSS, Inc.; Chicago, IL, USA).
GWAS cohorts for meta-analysis
We included data of 1496 control subjects from the DGI and additionally, we used the results of the GWA for adult height (n1490) performed by Dr Panos Deloukas for the Wellcome Trust Sanger Institute and published online from the British 1958 Birth Cohort DNA Collection (http://www .b58cgene.sgul.ac.uk/index.php). Both cohorts were genotyped using Affymetrix GeneChip Mapping 500K Array.
Genotyping of rs1569019 in GPR133 for replication
Genotyping of the SNPs rs1569019 in GPR133 selected for replication in subjects of two independent cohorts of German origin (Leipzig and Berlin) was performed using the TaqMan assay (Applied Biosystems, Inc.). Oligonucleotide sequences are available upon request. The TaqMan genotyping reaction was performed according to the manufacturer's protocol on an ABI PRISM 7500 sequence detector (Applied Biosystems Inc.).
